Abstract. We present a novel external cavity diode laser design developed for applications in atomic physics that employs a micromachined silicon flexure to sweep the laser frequency and a volume holographic reflection grating ͑VHG͒ to provide the optical feedback. The advantages of using a silicon flexure are its simple microfabrication process and reduction of the overall size of the laser system. The results demonstrate the 87 Rb, 85 Rb ͑rubidium͒ D2 line absorption at 780 nm in an atomic optics test experiment. Our novel laser system design has a size of 28.76ϫ 20.65ϫ 12 mm. The wavelength can be tuned and swept from 780.2463 to 780.2379 nm ͑equivalent to 4.14 GHz͒ using piezoelectric transducer ͑PZT͒ actuators integrated on the silicon flexure. A frequency tuning range of 17.149 GHz can be obtained by changing the VHG temperature. The deflection of the silicon flexure is 129.19 nm. The advantage of combining a VHG and a silicon flexure is that the frequency can be coarsely tuned to 780.24 nm and swept at this center frequency with a range of 4.14 GHz by PZT. Moreover, the frequency fine tuning can be achieved by changing the VHG temperature to observe the rubidium spectrum. The laser output power is measured as 59 mW at 780.2474 nm.
Introduction
Laser diodes have been well documented for their suitability in the fields of laser cooling and atom trapping, and are now widely used in optical and atomic physics. [1] [2] [3] [4] [5] Although these devices are compact, simple, and relatively inexpensive, off-the-shelf laser diodes do have some undesirable properties, mostly as a result of their short semiconductor cavity. In particular, their frequency is very sensitive to changes in temperature and injection current, and they have large line widths ϳ100 MHz and poor tunability. It is well known that these shortcomings can be rectified by operating the laser in a longer external cavity, which provides frequency-selective optical feedback.
1,2 A particularly simple implementation of this idea uses feedback from a diffraction grating mounted in the Littrow configuration. [6] [7] [8] [9] [10] [11] [12] [13] [14] The typical size of this laser is quite large ͑120ϫ 90ϫ 90 mm͒. In these conventional external cavity diode laser systems, most of the designs use a flexure made of metal to sweep the frequency. However, the typical size of these metal flexures is big ͑5 ϫ 1.5ϫ 1 cm͒, and the process of making them does not lead to batch processing with precise component-to-component dimensional repeatability. [6] [7] [8] [9] [10] [11] [12] [13] [14] In our novel laser system design, the silicon flexure was chosen to sweep the laser frequency because of its simple batch microfabrication process and small size. We describe a novel method for constructing a smaller extended-cavity diode laser by use of a micromachined silicon flexure and a volume holographic reflection grating ͑VHG͒. It is much smaller, inexpensive, and easy to build because it is based on simple modifications of a few commercial optical and mechanical components but with a unique silicon flexure design enabled by microfabrication technology for laser frequency tuning and sweeping.
The proposed external cavity diode laser system ͑ECDL͒ is specifically used for Bose-Einstein condensation ͑BEC͒ experiments. There are at least four ECDLs inside the BEC system. Therefore, if we could reduce the total volume of one ECDL a hundred times smaller than the conventional one, we can save much space in the overall BEC system, since it requires at least four ECDLs. In the future, we may install the whole BEC system onto an aircraft, satellite, or other vehicle for precision navigation purposes. To check if the built ECDL is good enough for BEC experiments, the Doppler broadening measurement was performed.
External Cavity Diode Laser System Design
The definition of the external cavity diode lasers ͑ECDLs͒ is nonmonolithic diode lasers, where the cavity is completed with external optical elements. An external cavity diode laser is a semiconductor laser based on a laser diode chip ͑active medium͒, which typically has one end antireflection coated or two facets, and the laser cavity is completed with a collimating lens for coupling the output of the diode laser and an external mirror. The external mirror could be a wavelength selective filter such as a grating ͑standard surface grating, Bragg grating, or volume holographic grating͒. Typically, applications of ECDLs are in spectroscopy and optical communications.
The essential requirements for our external cavity laser are that the laser diode, the diffraction grating VHG, the Peltier thermoelectric cooler ͑TEC͒, and a collimating lens all be fixed rigidly with respect to each other, and the position of the lens be precisely adjustable to find the optical feedback. The laser system design ͑Fig. 1͒ has an overall size of 28.76ϫ 20.65ϫ 12 mm. In Fig. 1 , a copper plate ͑left-hand side͒ holds a laser diode that is temperature controlled ͑17°C͒ by a TEC. On the right-hand side, the VHG is attached on a silicon flexure that contains four hybrid integrated PZT actuators on its backside to precisely control the external cavity length between the laser diode and VHG. The purpose of this is to avoid mode hops and to perform frequency tuning and sweeping. [15] [16] [17] The silicon flexure is made from bulk micromachined 500-m-thick single-crystal silicon wafers. The laser frequency is very sensitive to any changes in temperature or mechanical vibration of cavity length. Hence, in our laser design, an invar bed is designed to be bonded between the diode and grating ͑VHG͒ to fix the cavity length. Invar is chosen because of its low coefficient of thermal expansion ͑CTE͒. The external cavity length of this laser system is 12 mm fixed by the invar bed. Detailed discussions of each major component are presented next.
Laser Diode
An AR-coated 790-nm laser diode ͑EYP-RWE-0790-02000-1500-SOT02, Eagleyard, Berlin, Germany͒ has been used in the laser system. The measured center wavelength of this diode at room temperature ͑25°C͒ is around 785 nm.
Copper Plate
The main purpose of using copper is its good thermal conductivity ͑385 W / m-K͒. It is easy and quick to change the temperature of laser diodes and VHG via the copper plates. In addition, the reason to add the middle copper plate in the laser system design is to regulate the temperature between the laser diode and VHG. Because the temperature of the diode and VHG might be different when the laser system is operating, there will be a thermal gradient between the leftand right-hand copper plates. This will cause thermal instability in the laser system, which will result in changes of external cavity length. As a result, the frequency will continuously fluctuate. Therefore, to make the cavity length stable, it is better to have one more copper plate underneath the invar bed with a TEC to regulate the temperature between the two other copper plates.
Invar Bed
The invar bed is designed to accommodate the lens holder and allow it to translate in one direction to collimate the laser output beam. The main factor in the choice of the invar material is good thermal stability ͑low CTE: 1.2E-6 /°C͒. Therefore, the external cavity length ͑12 mm͒ is defined by the invar bed between the laser diode and VHG surface, which will make the cavity length stable due to its good thermal properties.
Backside Plate
The backside plate is made with a 1-mm-thick silicon plate to which four PZT actuators are mounted. One side of each PZT actuator is attached to the silicon flexure pocket and the other side is attached to the backside plate. When a voltage is applied to the PZT actuators, the PZT will expand on the silicon flexure side instead of expanding into the backside plate, since the stiffness of the silicon flexure is much smaller than the 1-mm-thick silicon plate.
Collimation Lens
A collimating lens ͑GELTECH 350330 molded glass a spheric lens, Thorlabs, Newton, NJ, USA͒ has been used to collimate the output laser beam from the laser diode. The numerical aperture is 0.68 and the effective focal length is 3.1 mm. The AR-coating for laser wavelength ranges from 650 to 1050 nm.
Lens Holder
The lens holder is designed to hold the collimation lens and to be translated in the axial direction to collimate the laser output beam. Additionally, one can also move the lens inside the lens holder transverse to the beam to find the feedback light from the VHG and couple it back to the laser diode. The lens holder is made of invar, so that it is thermally matched with the invar bed.
Volume Holographic Grating
In our laser system design, we choose the reflection VHG ͑PLR-780.25-20-6.5-3-1.5, Ondax Inc., Monrovia, CA, USA͒ as the external mirror for optical feedback. Because the reflection VHG can provide a more compact cavity, we only need a laser diode, a collimation lens, and a VHG. No other extra components are necessary. Thus, it is easier to align and less susceptible to vibrations. This construction makes the laser system more stable, and frequency tuning can be achieved either by changing the VHG temperature, resulting in a change of grating period and refractive index, or by changing the external cavity length. The dimensions of the VHG are 6.5ϫ 3 ϫ 1.5 mm, and the diffraction angle is 180 deg. The reflectivity is 20% and is unchanged with temperature. Bandwidth ͓full width at half maximum ͑FWHM͔͒ is 0.2 nm with the VHG thickness of 1.5 mm. The coefficient of thermal expansion ͑CTE͒ is 6.66E-6 /°C. The effective wavelength shift by temperature is 0.01 nm/°C, and the operation temperature range is from −200°C to 200°C.
Piezo Bulk Actuator
Four piezoelectric stack actuators ͑PL022.20 PI Ceramic Inc., Lederhose, Germany͒ are attached to the backside of the silicon flexure to tune and sweep the laser output wavelength. The overall dimensions of each PZT actuator are 2 ϫ 2 ϫ 2 mm and the displacement at 100 V is 2.2 m. The blocking force is 250 N, the electrical capacitance is 25 nF, and the resonant frequency is greater than 300 kHz. The operating voltage is from −20 to 120 V, dielectric loss is 0.02, and the maximum operating temperature is 150°C. The recommended preload for dynamic operation is 15 to 30 MPa.
Peltier Thermoelectric Cooler
Three TEC thermoelectric heater/coolers ͑Peltier͒ ͑SP5446, Marlow Industries Inc., Dallas, TX, USA͒ have been attached underneath the three copper plates to provide the temperature servo control. The TECs are used to control the temperature of the laser diode, invar bed, and VHG.
Thermocouple (Thermistor)
Three precision thermistors ͑YSI44008͒ ͑30 k⍀ at 25°C͒ have been inserted into the three copper plates for the temperature servo loop of laser diode, invar bed, and VHG. The thermistors are used to measure the instantaneous temperature and provide feedback to the temperature controller.
Solid State Thermal Meter (AD590)
Three thermometers ͑AD590͒ have been attached to the three copper plates to monitor the temperature on the laser diode, invar bed, and VHG. A thermal meter is used to read out the real-time temperature of the laser diode and VHG. It is connected to the laser controller.
Silicon Flexure Design and Fabrication
An optical cavity inside the designed ECDL is formed by a laser diode and a VHG. The laser frequency sweeping can be achieved by changing the wavelength of the standing waves inside this optical cavity. Thus, if we can change the length of optical cavity by using PZT actuators integrated on the micromachined silicon flexure mounted with a VHG, as shown in Fig. 2 , we are able to change the wavelength ͑frequency͒ of the laser. In Fig. 2͑a͒ , PZT 2 and 3 are not activated, and thus the VHG is still. In Fig. 2͑b͒ , PZT 2 and 3 are activated by applying voltage to them. Thus, the silicon flexure mounted with a VHG will expand toward the left. Therefore, the length of optical cavity will change.
As shown in Fig. 2͑a͒ , PZT 1 and 4 are for stabilization purposes. PZT 2 and 3 are activated PZTs. They are actuated to expand the silicon flexure. When the VHG temperature is changed ͑PZT's temperature will also change͒, for example, when the temperature goes up, PZT 1 and 4 will expand toward the right. Meanwhile, PZT 2 and 3 will expand toward the left, since the stiffness of the silicon flexure is much less than the backside plate. Therefore, the thermal expansion of PZT 1 and 4 will be cancelled out with the thermal expansion of PZT 2 and 3, since these two thermal expansions are in the opposite direction. Thus, the VHG will remain still when the temperature varies.
Deflection of Silicon Flexure
The desired frequency sweeping range is 10 GHz, which will cover the Doppler spectrum of the rubidium D2 transitions at 780 nm. Therefore, we have to calculate the re- quired deflection of the silicon flexure to achieve a 10-GHz frequency sweeping range by changing the laser external cavity length. It can be expressed by Eq. ͑1͒:
where ⌬L is the deflection of silicon flexure and L is the external cavity length of the laser system, which is designed to be 12 mm. 0 is the center wavelength ͑780.24 nm͒. ⌬ can also be expressed by Eq. ͑2͒: Thus, by changing the external cavity length by 307.59 nm, we should be able to have a 10-GHz frequency sweeping range. Therefore, the maximum deflection of the silicon flexure should be designed for at least 307.59 nm.
Design of Silicon Flexure
The design of the silicon flexure, as shown in Figs. 3͑a͒ and 3͑b͒, is 19ϫ 12 mm, made by bulk micromachining of a 500-m-thick single-crystal silicon wafer. There are four PZT pockets on the backside of the silicon flexure and one VHG window in the design. In Fig. 3͑a͒ , two 300-m-deep flexure cuts are on the frontside of the silicon flexure and two 300-m-deep flexure cuts are on the backside of the silicon flexure, as shown in Fig. 3͑b͒ . The photograph of the fabricated silicon flexure is shown in Fig. 3͑c͒ , and the assembled flexure with PZT actuators and backside plate is shown in Fig. 3͑d͒. 
Spring Constant of Silicon Flexure
For the purpose of simplifying the stiffness analysis of the flexure, we reduce the number of silicon flexure cuts from four to a single cut diagram, as shown in Fig. 4 . However, in a real silicon flexure, we have four flexure cuts, which means the stiffness of the flexure is one quarter of the result of the following calculation ͓Eq. ͑9͔͒. In addition, we also assume that the force is applied on the edge of the cut instead of the center of the PZT actuator pocket. Therefore, the real spring constant of the silicon flexure will be smaller than what we calculate here.
From Fig. 4 , we know the following dimensions:
• width of the cut: b =8ϫ 10 −3 m ͑8 mm͒ The deflection of this single cut silicon flexure can be expressed by Eq. ͑5͒:
where I = bh 
͑6͒
Therefore, the deflection is: The spring constant of the single cut silicon flexure can be calculated by Eq. ͑8͒:
where F is the applied force generated by a PZT actuator. The spring constant of the real silicon flexure is one quarter that of the previous calculation, since we have four flexure cuts. Then k s can be written as:
A finite element analysis ͑FEA͒ analysis ͑ANSYS͒ was also performed, and the force was applied in the two activated PZT pockets as shown in Fig. 5 . The simulation results show that the maximum deflection is 5.97 m. Thus the spring constant of the silicon flexure by FEA analysis is:
From this analysis, the calculated spring constant of 43.49 N / m is consistent with the FEA simulated spring constant ͑41.87 N / m͒.
Fabrication of Silicon Flexure
The silicon flexure is made from a standard double-side polished silicon wafer ͑100 cut, 500 m thick͒. A 3-m-thick oxide is grown on both sides of the wafer as a mask layer for KOH wet etching. Then the photoresist ͑AZ 4620͒ was spin coated on both sides of the wafer. The wafer was exposed to UV light with the frontside and backside masks aligned. The patterns of PZT pocket, flexure cut, and VHG window were opened by the developer ͑AZ 400K͒ and the exposed oxide was etched by HF ͑49%͒. The exposed silicon surface was then etched by KOH ͑30% in DI water, 80°C͒ for 4 h. Then the PZT pocket and flexure cut were etched to a depth of 300 m and the VHG window was etched through. In the final step, the oxide layer was removed by HF ͑49%͒. The main steps of the fabrication process are described in Fig. 6 .
Laser System Assembly
After each part was made, the laser diode was first inserted and glued to the copper plate with UV glue ͑Norland Optical Adhesive type 65, Cranbury, NJ, USA͒. A thermocouple ͑thermistor͒ and solid state thermal meter ͑AD590͒ were then glued onto the copper plate with epoxy ͑ITW performance polymers, part 46409͒. Four PZT actuators were glued into the pockets on the silicon flexure with the backside plate attached to the other side of the PZT actuators. Then the VHG was glued onto the frontside of the silicon flexure. The whole silicon flexure assembly with VHG and PZT was also glued to the copper plate to enhance the heat conduction from the TEC underneath, as shown in Fig. 7 . The copper plate was also epoxied with the thermocouple ͑thermistor͒, solid state thermal meter ͑AD590͒. The reason for using the UV glue and epoxy instead of using a screw is that the screw would expand or shrink as temperature changes. That will affect the laser cavity length and diffraction angle ͑feedback angle͒ of the VHG, which will result in instability of the laser frequency.
The laser frequency is very sensitive to any changes in temperature or mechanical vibration. Hence, in our laser design, the invar bed is designed to be bonded between the laser diode and the VHG to fix the cavity length. Underneath the invar bed and two copper plates are TECs to regulate the temperature. Finally, a collimating lens was glued to a lens-holding plate, which is inserted into a moving part and sits on the rail of the invar bed. The collimating lens inside the lens-holding plate is used to collimate the laser beam. The lens-holding plate was connected to a micrometer for adjusting position and finding the optical feedback. The focus of the laser beam can be found by translating the moving part on the rail. The incident angle of the laser beam to the volume holographic grating can also be corrected by moving the collimating lens transversely inside the moving part to find the feedback. The entire assembled laser system is shown in Fig. 8 .
Laser Performance 4.1 Threshold Current Optimization
After the laser system is assembled and plugged into the laser controller, the lens is translated to collimate the laser beam and aligned to find the optical feedback. Adjusting the cavity length and changing the temperature of VHG allow us to optimize the feedback, avoid mode hops, and get the lowest threshold current. 16 The optical setup for threshold current optimization is shown in Fig. 9 . After the alignment and feedback optimization, the measured threshold current is around 43 mA, as shown in Fig. 10 . Figure  10 also shows the comparison of laser output power as a function of injection current with and without the external cavity ͑feedback͒. Therefore, the results demonstrate an optimized threshold current reduction from 59 to 43 mA. 
Lasing Wavelength as a Function of Applied Piezo-Electric Transducer Voltage
The lasing wavelength can be tuned by either changing the cavity length, which is achieved by applying PZT voltage, or changing the grating period/refractive index by changing the VHG temperature. Normally, the lasing wavelength will be roughly tuned to the target wavelength by the injection current and diode temperature. Further tuning can be performed by slightly changing the cavity length ͑done by PZT dc bias͒, and fine tuning can be achieved by VHG temperature. This also avoids the mode-hopping problem.
To observe the rubidium Doppler broadening peaks of atomic transitions, frequency sweeping is done by applying an ac signal to the PZT, which is mounted on the silicon flexure. The optical setup for measuring the laser wavelength as a function of applied PZT voltage ͑dc bias͒ is shown in Fig. 11 . The measured result is shown in Fig. 12 , where the laser driving current is 98 mA, the threshold current is 41.5 mA, the diode temperature is 17°C, and the VHG temperature is 15.4°C. The deflection of the flexure as a function of applied PZT voltage is also measured and shown in Fig. 13 , which demonstrates that the tuning range of laser cavity length is around 129.19 nm. The deflection obtained through the experiment is 129.19 nm versus the calculated 307.59 nm. The main reason for the difference is that the UV glue applied to bond the PZT actuators to silicon flexure absorbs the expansion force created by the PZT actuators. The UV glue itself acts as a damping source between the PZT actuators and the silicon flexure to reduce its deflection. A more direct way of bonding PZT to silicon is needed either by reducing the amount of glue or by soldering the PZT. From the measured data, we can calculate the frequency tuning/sweeping range by applied PZT voltage as follows: ͓Eqs. ͑11͒ through ͑14͔͒. 
Rubidium Doppler Broadening and D2
Absorption Spectrum Random thermal motion of atoms or molecules creates a Doppler shift in the emitted or absorbed radiation. The spectral lines of such atoms or molecules are said to be Doppler broadened, since the frequency of the radiation emitted or absorbed depends on the atomic velocities. Individual spectral lines may not be resolved due to Doppler broadening, and hence, subtle details in the atomic or molecular structure are not revealed. 19 Therefore, we also set up the Doppler-free saturated absorption spectroscopy experiment to obtain the hyperfine structure of Rb, which is discussed in the next section. After the optical feedback and external cavity optimization, a new optical setup was built to observe the Rb absorption, as shown in Fig. 14 . In this experimental setup, the fluorescence is observed with a charge-coupled device ͑CCD͒, and the wavelength is measured as 780.2466 nm with laser injection current at 115 mA. The measured threshold current is 41.5 mA. The laser diode and VHG temperatures were set to 17 and 14.6°C, respectively. The output power of the laser beam is measured at 59 mW. The measured Rb Doppler broadening absorption spectrum is shown in Fig. 15 .
The measured frequency sweeping range by PZT actuators is 4.14 GHz, which is short of the desired sweeping range of 10 GHz. The main reason for the short sweeping range is mentioned in the last section. Basically, the UV glue used to bond the PZT actuators to the silicon flexure acts as a damping source to reduce the deflection of the silicon flexure. This limits the frequency sweeping range. A more direct way of bonding PZT to silicon is needed either by reducing the amount of glue or by soldering the PZT. The appropriate preload is also needed between the PZT actuators and silicon flexure.
The overall Doppler-spectrum of the Rb-D2 transitions has four peaks.
87 Rb͑F=2͒, 85 Rb͑F=3͒, 85 Rb͑F=2͒ and 87 Rb͑F=1͒ and there are four tunable external cavity diode laser systems ͑ECDLs͒ in the BEC system. Master laser, Slave laser, Repump laser, and Probe laser. When performing BEC experiments, each tunable ECDL needs to lock on one Rubidium peak in the Doppler-spectrum. For example, the master laser needs to lock on the first peak ͑ 87 Rb͑F=2͒͒ for atoms cooling purpose and the slave laser needs to lock on the master laser to amplify the output power of the master laser. Thus, the slave laser is also locked on the first peak ͑ 87 Rb͑F=2͒͒. The repump laser needs to lock on the fourth peak ͑ 87 Rb͑F=1͒͒ in order to repump the atoms back to the cooling transition. The probe laser is locked on the first peak ͑ 87 Rb͑F=2͒͒ for imaging purposes. Only two Rubidium peaks ͑ 87 Rb͑F=2͒͒ and ͑ 87 Rb͑F=1͒͒ are used for BEC experiments since we are producing 87 Rb BEC atoms. It is good for an ECDL to have a wider frequency sweeping range to see all of the four peaks at once. However, it is not necessary for BEC experiments since each ECDL is frequency tunable. Each ECDL can be tuned to any of the four peaks and lock on one peak for BEC experiments. In this work, the frequency sweeping range of 4.14 GHz has been demonstrated and thus the first two Rubidium peaks.
87 Rb͑F=2͒ and 85 Rb͑F=3͒, can be covered in the Doppler-spectrum and the other two peaks can be easily observed by changing the VHG temperature.
Doppler-Free Saturated Absorption
Spectroscopy The Doppler-free saturated absorption experiment was set up to measure the hyperfine splittings of one of the excited states of rubidium. It is just a measurement setup to check if the laser frequency is accurate or not for BEC experiments. If the lasing frequency is accurate enough, we should be able to see exactly the same absorption spectra from rubidium, since we are measuring the same element rubidium. Once the same absorption spectra are observed, we know the designed new laser is capable of BEC experiments.
The apparatus for the Doppler-free saturated absorption spectroscopy of rubidium is shown in Fig. 16 . A balanced photodetector was used to perform background suppression and noise cancellation in the photodetection process. The laser driving current is 115 mA, and the threshold current is 41.5 mA. The laser diode and VHG temperatures were set to 17 and 15°C, respectively. In Fig. 16 , the output beam from the laser is split into three beams-two less intense probe beams and a more intense pump beam-by a beamsplitter ͑BS͒. The two probe beams pass through the rubidium cell from left to right, and they are separately detected by two photodiodes, from a balanced photodetector. After being reflected twice by mirrors, the more intense pump beam passes through the rubidium cell from right to left. Inside the rubidium cell there is a region of space where the pump and a probe beam overlap, and hence, The hyperfine pumping by the more intense pump beam produces a smaller population in the F = 1 level than that in the F = 2 level. This means there are fewer atoms in the F = 1 level that will absorb power from the first probe beam, hence the number of photons in the first probe beam that reach the photodiode detector will increase. Now the second probe beam is interacting with a different group of atoms in the rubidium vapor cell, hence it is not influenced by the pump beam. Therefore, the second probe beam's intensity at its photodiode detector will be less than that of the first probe beam. Thus, after subtracting the two signals in the current-to-voltage converter, the resulting signal will show the difference between the two probe beams due to the effects of hyperfine pumping by the pump beam. Also, both probe beams have the same Doppler broadened absorption ͑neglecting the effect of the pump beam͒, and the subtraction cancels this common absorption, leaving only the pump beam induced difference. The measured 85 Rb F = 3 and 85 Rb F = 2 Doppler-free hyperfine spectra are shown in Figs. 17 and 18, which is consistent with the one measured from the conventional laser.
Lasing Wavelength as a Function of Volume
Holographic Reflection Grating Temperature The lasing wavelength can also be altered by the VHG temperature due to the change of the VHG grating period and refractive index. From an ONDAX data sheet, the effective wavelength shift of the VHG is 0.01 nm/°C ͑equivalent to 5 GHz/°C͒. Since the wavelength shift by VHG temperature is very fine and slow in tuning, the VHG is not used for rapid frequency sweeping but instead used for fine frequency tuning. The frequency sweeping speed by VHG temperature is around 0.02 Hz, which is too slow for BEC experiments. However, the frequency sweeping speed of combined PZT actuators and silicon flexure is about 300 Hz, which suffices the required 10 Hz for BEC requirements. In addition, mode hops can also be avoided by tuning the VHG temperature. The optical setup for measuring the lasing wavelength as a function of VHG temperature is the same as that for a lasing wavelength measurement as a function of applied PZT voltage ͑dc bias͒, as shown in Fig. 11 . Basically, the VHG temperature is changed by the TEC underneath the copper plate, which holds the VHG and the silicon flexure. The VHG temperature is changed from 8.6 to 17.6°C, and the measured corresponding wavelength is shown in Fig. 19 . From the measured data, max = 780.2513 nm, min = 780.2165 nm, ⌬ = 0.0348 nm, and center = 780.2339 nm, given a mode-hopfree frequency tuning range of 17.149 GHz by changing the VHG temperature. See the calculations for Eqs. ͑15͒ through ͑18͒. An estimate for the effective wavelength shift as a function of VHG temperature is 0.004 nm/°C ͑2 GHz/°C͒. This is smaller than the ONDAX data sheet value of 0.01 nm/°C. This is because the external cavity length will also change when the VHG temperature varies due to the thermal expansion of the VHG, silicon flexure, and copper plate. Therefore, changes in the measured wavelength are due to a combination of factors. 
Conclusions
A novel external cavity diode laser system is demonstrated by incorporating a hybrid silicon flexure mechanism integrated with a volume holographic reflection grating ͑VHG͒ and PZT actuators. For the purpose of atomic physics experiments, the laser system is successfully tested by passing light through a cell filled with the 87 Rb, 85 Rb ͑rubidium͒, demonstrating D 2 line absorption at 780.24 nm.
From our test results, the lasing wavelength of the resultant laser can be tuned and swept from 780.2463 to 780.2379 nm ͑equivalent to 4.14 GHz͒ without mode hops by applying a voltage from −18 to 120 V on two out of four PZT actuators. In addition, the lasing wavelength can also be tuned from 780.2165 to 780.2513 nm ͑equivalent to 17.149 GHz͒ without mode hops by changing the VHG temperature from 8.6 to 17.6°C. By the combination of the VHG and a silicon flexure, the lasing frequency can be quickly and precisely tuned to and swept at Dopplerbroadened absorption spectral lines of rubidium. The result also demonstrates that the laser output power is measured as 59 mW at 780.2474 nm. 
